We present high precision, time-resolved visible and near infrared photometry of the large (diameter ∼ 2500 km) Kuiper belt object (136108) 2003 EL 61 . The new data confirm rapid rotation at period P = 3.9155±0.0001 hr with a peak-to-peak photometric range ∆m R = 0.29±0.02 mag. and further show subtle but reproducible color variations with rotation. Rotational deformation of 2003 EL 61 alone would give rise to a symmetric lightcurve free of color variations. The observed photometric deviations from the best-fit equilibrium model show the existence of a large surface region with an albedo and color different from the mean surface of 2003 EL 61 . We explore constraints on the nature of this anomalous region set by the existing data.
INTRODUCTION
The known Kuiper belt objects (KBOs) extend in size from bodies so small as to be at the limits of sensitivity of the largest telescopes up to Pluto-sized bodies large enough to have body shapes controlled by self-gravity. The large objects are particularly amenable to physical study and a number of intriguing results have already been secured. The case of Pluto is well known: the main object rotates slowly (period ∼6 days) but the massive satellite Charon carries enough angular momentum that the system as a whole is near the critical threshold for breakup (McKinnon 1989) . Surface maps derived from mutual occultation events show a spatially variegated surface, with a wide range of local albedos (from 0.1 to 0.9: Buie et al. 1992; Young et al. 1999 ) that may be related to surface deposition of frosts from Pluto's thin atmosphere (Trafton 1989) . Other KBOs have less well known physical properties but new data are beginning to reveal a startling range of surface types (Jewitt & Luu 2004; Tegler et al. 2007; Trujillo et al. 2007 ) and rotational (Lacerda & Luu 2006; Sheppard 2007) properties. Notable examples of the latter include ∼900 km diameter (20000) Varuna, whose 6 hr period and 0.4 mag. photometric range are best explained as products of a rotationally deformed body shape and a bulk density of 1000 kg m −3 (Jewitt & Sheppard 2002; Takahashi & Ip 2004; Lacerda & Jewitt 2007) . The large amplitude (1.14±0.04 mag.), long rotation period (13.7744±0.0004 hr) and eclipsing binary-like lightcurve of ∼240 km diameter 2001 QG 298 suggest an even more extreme interpretation as a contact or near-contact binary (Sheppard & Jewitt 2004; Lacerda & Jewitt 2007) .
One of the most remarkable of the large KBOs yet to be identified is (136108) 2003 EL 61 (hereafter "EL61"), whose rapid rotation (period∼3.9154±0.0002 hr), and lightcurve range (∆m R ∼ 0.4 mag) and near-symmetric morphology together suggest a rotationally deformed body of density ∼2500 kg m −3 (Rabinowitz et al. 2006; Lacerda & Jewitt 2007) . EL61 is further interesting in Electronic address: pedro@ifa.hawaii.edu its own right, as an extreme example of a large KBO with a rapid spin and also as the possible parent of a reported dynamical cluster of KBOs, perhaps produced by an ancient, shattering collision (Brown et al. 2007, Ragozzine and . Some members of this dynamical cluster share spectral features with EL61. Nearly all Plutosized KBOs have methane rich surfaces. EL61 is unusual in that it is covered in almost pure crystalline H 2 O ice (see Fig. 1 ; Trujillo et al. 2007) . In this paper, we present new high-precision, time-resolved photometry taken to further explore the nature of EL61.
OBSERVATIONS
Optical observations were taken using the 2.2-m diameter University of Hawaii telescope atop Mauna Kea, Hawaii. We used a Tektronix 2048×2048 pixel chargecoupled device (CCD) mounted at the f/10 Cassegrain focus, giving pixels each 0.219 arcsecond square. Observations were obtained through broadband BV RI filters approximating the Kron-Cousins photometric system. The data were instrumentally calibrated using bias frames and flat-field images obtained from dithered, mediancombined images of the twilight sky. Photometric calibration was obtained from observations of standards PG1323-085C, 107 457, Markarian A1, and PG1633-099A from the list by Landolt (1992) .
Near infrared observations were taken using the 3.8-m diameter United Kingdom Infrared Telescope (UKIRT), also located on Mauna Kea. We used the UIST imaging camera, which houses a 1024×1024 pixel array having image scale of 0.12 arcsec per pixel. Our principal aim was to use the near-infrared wavelengths to search for rotational variability of water ice on the surface of EL61. For this purpose, we elected to use two filters, one to measure the 1.5 µm band of water ice and the other to sample the reflected continuum. Use of two filters, as opposed to a near infrared spectrometer, allowed us to maintain rapid sampling (important because of the short rotation period of EL61) and high signal-to-noise ratios. Given the available UKIRT filter set, we employed the "CH4 s " filter (center 1.60 µm, full width at half maxi- et al. (2007) . A pure crystalline water-ice model fit and a mix of water ice and HCN ice are overplotted. The locations and approximate widths of the 1.25 µm and 1.6 µm filters used to monitor the 1.5 µm water-ice band depth, as well as the wavelength regions where the Earth's atmosphere is opaque, are also shown. mum FWHM = 0.11 µm) to measure the water band (see Fig. 1 ). The Mauna Kea J−band filter (center 1.25 µm, FWHM = 0.16 µm) provided a suitable measure of the continuum. In the remainder of the text we refer to these filters as "1.6 µm" and "1.25 µm". Photometric calibration of the UKIRT data was obtained from observations of standard stars S791-C and S813-D from Persson et al. (1998) . The flux through each filter was measured relative to a field star and a second star was used to verify the regularity of the first. Since simultaneous measurements through the 1.25 µm and 1.6 µm filters were not possible, we cross-interpolated their fluxes to the same times and measured the ratio of the interpolated values. A summarized journal of observations can be found in Table 1 , and the final calibrated broadband photometric measurements are shown in Tables 2 through 4. Table 5 shows the ratio of flux density at 1.6 µm to the continuum flux density at 1.25 µm, as a function of time.
RESULTS AND DISCUSSION
Photometric measurements were obtained first relative to field stars, to provide protection from transient changes in the transparency of the Earth's atmosphere and variations in the seeing (which can impact the accuracy of photometry obtained through discrete apertures). The resulting measurements were calibrated against standard stars using large aperture photometry. Internal accuracy of the lightcurve data in the B and R filters is good to about ±0.01 mag. while, in the infrared, scatter in the photometry shows that the accuracy is at the ±0.03 mag. level. We did not apply a phase angle correction to the data. The phase angle changed from 1.07 to 1.10 degrees in our B and R observations. In this 0.03 degree phase angle range, with a phase coefficient of ∼0.1 mag/deg ), the effect of phase is only 0.003 mag. and therefore unimportant compared to the 0.01 mag. photometric accuracy. Furthermore, the color dependence of the phase coefficient is small for EL61 according to these authors, and the expected change in the color resulting from phase angle is only about 0.001 mag, which is again negligible.
The best-fit lightcurve period was determined from the R-band data using phase-dispersion minimization (PDM; Stellingwerf 1978) as P = 3.9155±0.0001 hr (twopeaked lightcurve). This period is in close agreement with P = 3.9154±0.0002 hr determined independently (Rabinowitz et al. 2006) . Photometry in the other filters was scaled to the R-band lightcurve by subtracting the median colors B − R = 0.972 and R − J = 0.88, as determined from our data. The B − R color is again in good agreement with B − R = 0.969±0.030 reported by Rabinowitz et al; these authors did not measure R − J.
The resulting phased B-, R-and J-band lightcurves of EL61 are shown in Fig. 2 . Two main features are immediately apparent from the lightcurves. Firstly, the two peaks of the lightcurve are unequal. The total range (peak-to-peak) is 0.29±0.02 mag. but the second peak is smaller by roughly 0.08 mag. This asymmetry in the lightcurve peaks cannot be matched by simple equilibrium shape models of the type proposed by Rabinowitz et al. (2006) , since the latter are symmetric (Chandrasekhar 1969) . Secondly, we note that, in the interval roughly from 0.7 to 1.0 in rotational phase (Fig. 2) the B data fall systematically below the R data. Although small, this effect appears in measurements from three different nights and hence we regard it as observationally secure. The B − R color curve, computed from the data in Fig. 2 , is shown separately in Fig. 3 . There, the R magnitudes were interpolated to the rotational phases of B photometry and were subtracted from the B data points. The resulting color curve was smoothed using a running median filter to show a reddening of up to 0.035 magnitudes. The J data are of lower signal-tonoise but, in the region near 0.75 rotational phase, R − J is also redder than near the 0.25 rotational phase peak (Fig. 2) .
We quantitatively assess the significance of the red feature in the B − R color curve by noting that, in the interval from 0.7 to 1.0 in rotational phase, 21 of the 23 consecutive phased measurements fall above the median B − R for EL61. The probability of this result is the same as the probability of obtaining at least 21 "tails" in 23 tosses of an unbiased coin. Assuming a binomial distribution, this probability is roughly p = 3.3 × 10 −5 , corresponding to ∼4σ. Furthermore, at least 9 measurements in that same interval lie > 3σ above the median, corresponding to √ 9 × 3σ = 9σ. In this sense, the redder region in Fig. 3 is unlikely to be due to chance. This, plus the fact that the red spot is confirmed by observations on different nights together strongly suggest that the feature is real.
Lightcurve asymmetry of the type observed in Fig. 2 could be caused by strength-supported topography. However, the associated color variations (Fig. 3 ) cannot be so explained. Instead, the data are best explained by the presence of wavelength-dependent albedo markings on the surface of EL61, perhaps analogous to the ones already mapped on Pluto. Specifically, given that the body shape of EL61 is close to a figure of equilibrium, the multi-wavelength lightcurve data show the existence of a region, near the second peak in Fig. 4 , that is darker and redder than elsewhere. For want of a better label, we refer to this as the "dark red spot" (DRS).
The time-resolved measurements of the 1.5 µm waterice band from UT 2007 July 07 are plotted in Fig. 5 . The data provide no compelling indication of variability, except that the ratio of the 1.6 µm flux density to the continuum flux density at 1.25 µm appears lower (the water-ice band deepens) near phase ∼0 than at other phases. An attempt to repeat the 1.6 µm photometry on UT 2007 July 08 was thwarted by unstable atmospheric opacity. In the absence of confirming data from a second night, we regard the variation seen in Fig. 5 as interesting but inconclusive. We cannot determine whether the water-band depth varies with the rotation of EL61.
What constraints can be set on the albedo markings present on the surface of EL61? We first address the spatial extent of the DRS. In principle, the DRS could be very small compared to the instantaneous projected cross-section of EL61 but would then need to be very red and very dark relative to the surroundings in order to give rise to the observed lightcurve differences. At the Fig. 4. -B, R and J lightcurves of EL61 with four models overplotted. The thick grey line corresponds to a Jacobi equilibrium ellipsoid model (axis ratios b/a = 0.87 and c/a = 0.54), assumed to have uniform surface optical properties. The three thin black lines correspond to models with non-uniform surfaces. "Spot" models have darker circular regions located on the equator of the Jacobi ellipsoid, leading a semi-major axis by 45 • . The numbers in parenthesis indicate the area (S, relative to the maximum cross-section of the ellipsoid, πac) and albedo (χ, relative to the surrounding regions) of the spot. In "Hemispheric," the darker region covers a whole hemisphere of EL61.
other extreme, the DRS could be large, possibly even hemispheric in extent, in which case its albedo and color contrast relative to the surroundings would be minimal (see Fig. 6 ). To explore the range of possibilities we computed models in which the area of the surface of EL61 occupied by the DRS was taken as a free parameter.
The models we used are described in detail in Lacerda & Jewitt (2007) .
In short, we render 3-dimensional models of EL61 at different rotational phases which are used to generate the synthetic lightcurve. In this paper we adopt a Lambert scattering law, appropriate for high-albedo icy surfaces. The spot was simulated as a region of different reflectivity and color curves were generated by subtracting the lightcurves of two spots of equal sizes but different reflectivities. The shape of EL61 was modeled by a Jacobi ellipsoid with axis ratios b/a = 0.87 and c/a = 0.54, which provides the best match to the lightcurve data if no albedo variegation is present (see Fig. 4 ). The size of the spot is parametrized by its sky-plane cross-section area relative to the maximum cross-section of the Jacobi ellipsoid, πac. We assumed that the rotation axis of EL61 was inclined relative to the line-of-sight by 90
• , consistent with the large measured rotational lightcurve range, and that the DRS is located on the equator of EL61. The observed sequence of brighter and fainter extrema indicates that longitude of the DRS must lie in a leading quadrant with respect to one of the semi-major axes. This prediction is corroborated by our models, which further show that a longitudinal separation of 45
• between the DRS and the long axis of EL61 produces a better match to the data than 30
• or 60
• . The ability to fit the shape of the lightcurves in different filters was used as a metric for the models. Three of the best-fit examples are shown in Figs. 4 and  6 .
The results, which confirm the qualitative expectations outlined above, are shown in Fig. 7 . Figure 8 combines the color and albedo constraints and allows comparison with real surfaces. Also marked in Fig. 8 are the ranges of color and albedo for established outer Solar system materials, including the dark regions on Pluto and Saturn's satellite Iapetus. The EL61 data are incompatible with very small patches of dark, red matter like that found on the low-albedo side of Iapetus, or even with the darker material on the surface of Pluto. Indeed, if the spot is to have a B − R color within the range observed for Solar system objects (B − R 2) then it must be larger than ∼20% of the maximum cross-section of EL61 (see Fig. 7 ). Instead, Iapetus' and Pluto's bright areas match the DRS in term of albedo and B − R color. The surfaces of Eris (a large KBO) and 2005 FY9 are also consistent with the DRS, even if these objects have highly uncertain albedos (Stansberry et al. 2007 ). All matching surface types would imply a DRS size of 35% to 50%.
Another possibility is that the DRS is simply terrain contaminated by dirt. This would account for both the darkening and the reddening, but the suspected deepening of the 1.5 µm water band close to the DRS in rotational phase (see Fig. 5 ) would be harder to explain; a weaker, i.e. less deep, water feature would be expected if that were the case. Alternatively, the DRS could be a region depleted in a spectrally neutral substance, both brighter and bluer than water ice. A more contrived explanation involves the presence of larger water-ice grains on the DRS which would lower the albedo and redden the surface (Clark 1982) , and produce deeper water-ice absorption bands (Stephan et al. 2005 ). On Enceladus, larger grains are found on the region often referred to as the tiger stripes, where cryovolcanism is thought to be happening (Stephan et al. 2007) .
What might be the origin of the DRS? On Pluto, the light and dark albedo markings may be self-sustaining and caused by the mobility of surface volatiles, partly driven by the seasons (Hansen and Paige 1996) . There, dark regions are heated by the Sun leading to higher sublimation rates and the migration of volatiles towards brighter, cooler regions. In this way the volatile ices may naturally migrate to restricted regions of the surface. The dominant volatile species on Pluto is the highly volatile solid nitrogen, N 2 , with methane (CH 4 ) mixedin as an optically active tracer. In contrast, the surface of EL61 appears to be water-ice dominated, with no evidence for the diagnostic N 2 band at 2.15 µm (Fig. 1) . Water ice is utterly refractory at the ∼30 K temperatures on EL61, and this albedo instability mechanism seems unlikely to apply. It has been suggested that EL61 is Fig.4 . North pole and three equatorial views of the ellipsoid (from left to right: flank-on, spot-on, and tip-on, or rotational phases ∼0.750, ∼0.875, and ∼1.000 in Fig. 4 ) are shown. The spot in each model is characterized by a surface area S (expressed as a fraction of the maximum equatorial cross-sectional area of EL61) and an albedo, χ, normalized to the albedo of the surface outside the spot. The spots are assumed to be located on the equator of EL61 and leading a semi-major axis by 45 • . "Hemispheric" is a model in which a whole hemisphere of EL61 has a darker albedo. The albedo ratio χ = 95% in the hemispheric model (3) is almost imperceptible. See text for details. Fig. 7. -Range of models consistent with the lightcurve data. Plotted on the left vertical axis is the assumed albedo of the spot material (the average geometric albedo of EL61 is p = 0.70) while on the right vertical axis we plot the assumed B − R color index of the spot. The horizontal axis shows the area of the spot (as a fraction of the maximum projected cross-section of the best-fit equilibrium figure, πac.) the source of an impact-produced dynamical family of water-rich KBOs. It is tempting to speculate that the DRS could mark the scar of the impact from which the family members were purportedly excavated, although such an explanation could hardly be unique.
SUMMARY
From time-resolved, high precision optical and nearinfared photometry of KBO 2003 EL 61 we find the following results.
• The R-band lightcurve has period 3.9155±0.0001 hrs and peak-to-peak range 0.29±0.02 mag. However, successive lightcurve peaks in the R-band data are clearly unequal. The B − R and R − J colors of EL61 also vary with rotational phase.
• No variation in the 1.5 µm water-ice band with rotational phase larger than ∼5% is observed in our data.
• The observed lightcurve variations are broadly consistent with a rotational equilibrium (strengthless body) model but with the additional requirement that the surface must support wavelength-dependent albedo variations ("spots") in order to explain the color variations.
• We explored the range of parameters of possible surface spots that are consistent with the time-resolved photometry. Very small "spots" having albedo and color very different from the surroundings are ruled out by our data. Instead, the surface feature responsible for the wavelength-dependence of the lightcurve must have an areal extent corresponding to a significant fraction of the instantaneous projected cross-section. 
